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Ultrafast demagnetization of magnetic layers pumped by a femtosecond laser pulse is accompanied
by a nonthermal spin-polarized current of hot electrons. These spin currents are studied here
theoretically in a spin valve with noncollinear magnetizations. To this end, we introduce an extended
model of superdiffusive spin transport that enables to treat noncollinear magnetic configurations,
and apply it to the perpendicular spin valve geometry. We show how spin-transfer torques arise
due to this mechanism and calculate their action on the magnetization present, as well as how the
latter depends on the thicknesses of the layers and other transport parameters. We demonstrate
that there exists a certain optimum thickness of the out-of-plane magnetized spin-current polarizer
such that the torque acting on the second magnetic layer is maximal. Moreover, we study the
magnetization dynamics excited by the superdiffusive spin-transfer torque due to the flow of hot
electrons employing the Landau-Lifshitz-Gilbert equation. Thereby we show that a femtosecond
laser pulse applied to one magnetic layer can excite small-angle precessions of the magnetization in
the second magnetic layer. We compare our calculations with recent experimental results.
I. INTRODUCTION
The ultrafast demagnetization of a Ni thin film induced
by a femtosecond laser pulse1 marked a real breakthrough
in the research on dynamic manipulation of magnetic mo-
ments. Subsequently, a number of exciting research stud-
ies have been conducted in this area. Along one of the
current lines of investigations, researchers try to develop
viable schemes to manipulate magnetic moments with ul-
trashort laser pulses. Especially, an efficient method for
all-optical switching (AOS) of magnetization became the
desired goal of many research projects, which has been
successfully achieved thus far for several materials.2–5
Another main line of research has concentrated on the
foundational explanation of laser-induced effects in mag-
netic materials, which has become a recurrent theme of
many scientific papers.6–14 It is possible that there is not
just a single physical mechanism responsible for the laser-
induced demagnetization and that the contributions of
the various mechanisms would depend on which materi-
als are involved.15–18 The theoretical description of Bat-
tiato, Carva, and Oppeneer9,19 proposes that the loss of
magnetic moment in a magnetic layer after the laser ir-
radiation is caused by the transport of the laser-excited
electrons into adjacent metallic layers or substrate. The
asymmetry of the transport properties with respect to
the electron spin orientation in magnetic materials then
leads effectively to a superdiffusive spin current (SC).
This nonequilibrium SC not only reduces the magneti-
zation of the pumped layer, but has also been shown
experimentally to affect adjacent magnetic layers20,21 or
to generate THz spin-current pulses.22 Notably, spin cur-
rents represent a key component of spintronics, and con-
trol over femtosecond SCs is highly desirable for potential
spintronic applications operating at THz frequencies.
Spin currents can be generated by charge currents in
multilayers by combining sufficiently thin magnetic and
nonmagnetic metallic films. This can give rise to the gi-
ant magnetoresistance (GMR) effect,23,24 which has been
explained by means of the spin-dependent diffusive trans-
port model,25,26 and later been successfully calculated by
ab initio methods.27,28 Here the resistance depends sig-
nificantly on the magnetic configuration of the system
and it can thus be used to read information stored in
it. There is also a complementary effect; the spin angu-
lar momentum transported between the magnetic films
can induce magnetic excitations in the magnetic layers,
which can lead to a change of the magnetic configuration
of the spin valve.29,30 In this process the current of flow-
ing electrons is polarized in the first magnetic layer and
then it is transported through the nonmagnetic spacer.
When it reaches the second magnetic layer, the compo-
nent of the spin current, which is collinear to the local
magnetization enters the magnetic layer. However, the
noncollinear component—the transverse spin current—
is absorbed at the interface between the nonmagnetic
and magnetic layers and gives rise to the so called spin-
transfer torque (STT). Consequently, the local magne-
tization of the second layer changes its direction. The
typical length scale at which the transverse spin current
is absorbed in the magnetic layer is at most few nanome-
ters.31–35 Clearly, the STT appears only in the case when
the magnetizations of the two adjacent magnetic lay-
ers are noncollinear. The effect of the STT can be de-
scribed in a way analogous to the Valet-Fert36 model us-
ing the diffusive spin transport description taking into
account bulk resistivities and interface conductances.37
Both these effects can be utilized in magnetic random
access memories (MRAM) and together with other phe-
nomena, mostly based on the spin-orbit interaction, have
greatly stimulated the field of spintronics.38,39
In contrast to magnetic spin valves operated by dc cur-
rents, the laser pulses applied to a magnetic layer provide
ultrashort SC pulses on the timescale of the demagneti-
2zation – femtoseconds. Moreover, the energy distribution
of the flowing electrons is different. While in the standard
spin valves the spin current flows solely at the Fermi level,
in the case of laser-excited SC the energy distribution is
more complex. Here the nonthermal electrons are located
at energies of about one eV above the Fermi level after
being first excited from the d band to the sp band. Since
the electron mobility in the sp band is much higher than
in the d band, the electrons quickly move away from the
laser spot.9,19 We note that SC generation due to a dif-
ferent mechanism, electron-magnon scattering and spin-
pumping without the need for far-from-equilibrium hot
electrons has also been suggested.40 In contrast to that, a
recent study points out the importance of the scattering
of hot electrons at the interfaces for the form of the spin
current induced by ultrafast demagnetization.41 Despite
the different thermal and nonthermal mechanisms and
corresponding timescales, it has been shown by recent ex-
perimental studies35,40,42 that in such laser-excited mag-
netic spin valve one observes an ultrafast STT acting on
the second magnetic layer.
Notably, laser excitation is always accompanied by the
appearance of a temperature gradient along the heated
ferromagnetic layer, when the excited hot electrons have
thermalized, a process that may take a few hundred fem-
toseconds. The electrons in the thermal gradient are then
transported in separated spin channels with different spin
resistivities, which also leads to the emergence of a SC.
Therefore, the spin-dependent Seebeck effect43 comes un-
der discussion. However, this effect becomes dominant
only on a significantly slower timescale than the effect of
the ultrafast demagnetization and hence it is possible to
distinguish these two contributions.43,44
The goal of this paper is twofold. First, we shall
extend the theoretical description of the superdiffusive
transport.9,19 The original model assumes that hot elec-
trons are transported throughout the layered structure
in two spin channels. This assumption, however, lim-
its the numerical simulations strictly to collinear rela-
tive configurations of magnetizations in the magnetic lay-
ers; i.e., all the magnetizations must be aligned along
the same axis and the magnetizations of the neighboring
magnetic layers can only be either parallel or antiparal-
lel. The orientation of local magnetization is reflected in
the transport properties of the two spin channels. Evi-
dently, transport in a collinear configuration is sufficient
to describe the effects related to ultrafast demagnetiza-
tion, however, the effect of spin-transfer torques is strictly
linked to noncollinear magnetic configurations. There-
fore, we extend here the superdiffusion model to be able
to account for noncollinear magnetic configurations, as
shall be explained in Sec. II. Shortly, in our extended
model, we assume a magnetic multilayer consisting of
magnetic and nonmagnetic layers, where the magneti-
zations of the magnetic layers can be either in-plane or
perpendicular to the plane. In addition, we shall assume
that the magnetization dynamics is rather weak and does
not substantially influence the transport properties of the
electrons. Thus, we can describe the spin transport as-
suming the presence of electrons with two possible fixed
quantization axes. In a nonmagnetic layer, all spin ori-
entations are equivalent. In a magnetic layer, however,
electrons with spins aligned along the local magnetization
axis contribute to the longitudinal spin current, whereas
the perpendicularly oriented spins are the sources of a
transverse spin current that plays an important role. It
is the latter one that is rapidly absorbed in the magnetic
layer (with perpendicular magnetization axis) and gives
rise to the STT.
Second, we focus on a typical spin valve composed of
two ferromagnetic films separated by a nonmagnetic one.
One of the magnetic layers, which will be directly irradi-
ated by the laser pulse, has perpendicular-to-plane mag-
netization, while the second one is in-plane. Using our
extended model of superdiffusive spin-dependent electron
transport we quantify the STT acting on the in-plane
magnetization as well as its dependence on the transport
parameters and spin valve geometry. Using the Landau-
Lifshitz-Gilbert equation (LLG) we examine the laser-
induced magnetization dynamics of the in-plane magne-
tization. We show that a femtosecond laser pulse applied
on the layer with perpendicular magnetization can excite
precessions of the in-plane magnetization persisting up to
few nanoseconds triggered by the transverse superdiffu-
sive SC.
This paper is organized as follows. In Section II
we extend the superdiffusive spin-dependent transport
model for noncollinear configurations and define the spin-
transfer torque acting on the magnetizations. In Sec. III
we describe our results for the transverse spin current
and the spin dynamics in a noncollinear spin valve geom-
etry. Finally, we summarize the most important findings
in Sec. IV.
II. MODEL
We assume a metallic spin valve consisting of two fer-
romagnetic layers, FM1 and FM2, separated by a non-
magnetic one, NM, as shown in Fig. 1. The first mag-
netic layer (FM1) has magnetization perpendicular to
the plane of the layers. Such a magnetic configuration
can be experimentally achieved using a composite layer
composed of repeated sequences of ultrathin magnetic
layers such as Co/Ni or Co/Pt where the thicknesses of
the sublayers are as large as a few A˚ngstro¨ms. In such
systems the perpendicular magnetic anisotropy results
in an out-of-plane orientation of magnetic moments.45,46
In this work we shall treat this magnetic layer as ho-
mogeneous. This simplification allows us to model the
electronic transport inside the layer by means of the su-
perdiffusive model, as we shall describe below. The sec-
ond magnetic layer (FM2) has its magnetization in the
layer’s plane, which is in equilibrium aligned along the
magnetization easy axis.
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FIG. 1. (Color online) Sketch of the magnetic spin valve con-
sisting of two magnetic layers, FM1 and FM2, separated by a
nonmagnetic one, NM. The dotted (gray) arrows present the
initial magnetic configuration before the illumination by the
laser pulse. After the laser pulse is applied, the magnetiza-
tion in FM1 decreases and gives rise to the spin current in
NM. Consequently, due to the spin-transfer torque the mag-
netization in FM2 is tilted from its equilibrium position. This
nonequilibrium situation is depicted by the solid (yellow) ar-
rows. The roman numbers enumerate the interfaces which are
located at positions zI = 0, zII, zIII, and zIV.
A. Electronic transport in noncollinear systems
The model of superdiffusive spin-dependent transport
has been developed to explain ultrafast demagnetization
in metallic heterostructures.9,20 The model assumes that
the laser pulse excites electrons from the quasilocalized
d-band to the sp-band above the Fermi level. Since the
mobility of the sp-electrons is higher they start to move
through the heterostructure. One of the main assump-
tions of the model is that each energy level is spin degen-
erate and the electrons move through the layered struc-
ture in two spin channels. Importantly, in the frame-
work of this two channel model, presented in previous
works,9,19 one can model only spin transport in collinear
magnetic configurations. However, to generate transverse
spin-current components (with respect to some of the lo-
cal magnetizations), resulting in spin-transfer torque, a
noncollinear magnetic configuration is required. To this
end, in this paper we extend the superdiffusive transport
model to be able to study noncollinear magnetic config-
urations.
Initially, for the sake of simplicity we make several as-
sumptions. First, in our simplified model, we assume just
a static magnetic configuration. When a spin-transfer
torque is acting on the magnetization it tends to change
its direction. In case of spin valves or tunnel junc-
tions, the spin torque generated by a continuously flow-
ing current can induce large angle magnetization pre-
cessions or even switch the magnetization direction. In
case of magnetic multilayer devices operated by laser
pulses the situation observed in experiments is different.
The major change of magnetization due to a laser pulse
is governed by the longitudinal spin relaxation, which
changes only the magnetization length keeping its di-
rection unchanged. Consequently, if a transverse spin
current builds up at the interface between the nonmag-
net and ferromagnet, it exerts a torque on the magnetic
moments inducing the spin dynamics. However, in com-
parison to electric field operated devices, the laser-pulse
induced magnetization dynamics is a feeble effect oc-
curring as small-angle precessions of magnetic moments
around their initial directions. Therefore we assume that
the magnetization changes during the spin dynamics do
not particularly influence the spin-dependent electronic
transport. As a result, we can calculate first the time
evolution of spin currents and spin-transfer torques act-
ing on the magnetic moments of the multilayer and then
we separately model the laser-induced spin dynamics.
We also assume that spin-transfer torque due to hot
electrons acts as an interfacial effect. Let us first discuss
here possible relevant theories for spin-transfer torque,
and the range of validity of our approach. Importantly,
spin transport in systems with noncollinear magneti-
zations rest on inherently quantum phenomena related
to the fact that electrons with spin orientation differ-
ent from the local quantization axis are not eigenstates
of itinerant electrons. This effect can be calculated in
terms of spinor wave functions connected at interfaces
via scattering matrices47. It has been also described by
the magnetoelectronic circuit theory48,49, which employs
charge currents and three-component spin currents be-
tween nodes of the system. These are related to the gen-
eral 2×2 current in spin space ˆ = j01ˆ+j ·σ, where j0 is
the charge current, j = (jx, jy, jz) is the spin current vec-
tor, and σ is a vector of Pauli matrices. This formalism
is sufficient to describe all crucial effects in noncollinear
magnetic systems. These quantum mechanical methods
cannot be directly combined with the semiclassical su-
perdiffusive transport model. However, we utilize their
findings in our model. In the non-magnetic part the equa-
tions for spin currents have trivial structure in spin space
as long as spin flips are neglected, and multiple equivalent
superdiffusive equations applied independently to a suffi-
cient number of spin channels describe correctly propaga-
tion of spin currents there. In the FM part spin currents
parallel to the FM orientation can be described employ-
ing two inequivalent equations (two channel model). On
the other hand, the transverse spin current undergoes
rapid dephasing, which leads to violation of spin current
conservation. Furthermore, theory expects the transverse
spin current to decay over a few atomic distances from
the interface32. A recent experimental study shows that
the laser-induced transverse spin current is absorbed in
ferromagnets on a distance as short as ∼ 2 nm,35. An ex-
periment employing spin pumping also found the trans-
verse spin current penetration depth to be below 2nm33.
The only contribution to equations for spin currents that
connects noncollinear spin currents, and requires extra
source/sink term for transverse spin current in superdif-
fusive equations, can thus be localized and solved just at
the interfaces between NM and FM parts. Notably, the
longitudinal spin current and the total charge current
remain conserved there. More specifically, we assume
the complete absorption of transverse spin current within
4the thicknesses of FM layers considered here (larger than
2nm). This can be also formulated as the limit of satu-
rated mixing conductance, with its real part value close
to the Sharvin conductance. In previous works50,51 it
has been shown by first principles calculations that for
realistic (not ideal) materials this limit is often achieved
within few monolayer thickness. The spin torque acting
on the FM2 (FM1) magnetization is then proportional to
the transverse spin current components at the NM/FM2
(FM1/NM).
We distinguish between the longitudinal and trans-
verse spin components by assigning two separate spin
channels to each of them, hence four channels in to-
tal are used. This enables us to model spin-dependent
transport in a perpendicular magnetic configuration of
a spin valve as shown in Fig. 1. Two channels (with
spins aligned along the FM1 magnetization) are assigned
for electrons with spins aligned along the FM1 magneti-
zation axis, while the remaining two channels transport
electrons with spins parallel and antiparallel to the FM2
magnetization axis. In the nonmagnetic layer, without
any natural quantization axis, all the transport channels
are equivalent featuring the same electron velocities and
lifetimes at the same energy levels. However, when the
electrons enter a magnetic layer with magnetization axis
that does not agree with the direction of their spin the
electron spin rapidly relaxes, and thus only two channels
are important for the description of electronic propaga-
tion there. In the superdiffusive transport model, the
fast relaxation of the transverse spins can be achieved by
setting short lifetimes and small velocities at all energy
levels for hot electrons in the transverse spin channels.
B. Mathematical formulation
The transport of hot excited electrons in each layer
(magnetic or nonmagnetic) can be described by a num-
ber of distinct energy levels with energies ǫi, where
i = 1, 2, . . . , n. Furthermore, each energy channel with
energy ǫ is divided into four distinct spin channels la-
beled as σ ∈ {↑, ↓,←,→}. The spin transport in each
channel is labeled in the same way. In each spin chan-
nel, electrons have lifetimes, τσ = τσ(ǫ, z), and velocities,
vσ = vσ(ǫ, z),
52 where z is the position of the electron.
The position dependence of the four quantities suggests
their difference in various materials. These parameters
are accessible by ab initio calculations53 which can be
further corrected taking into account the electron-phonon
interaction.19
Following Ref. 52, we write the superdiffusive transport
equation in each spin channel inside the layers as
∂
∂t
nσ +
nσ
τσ
=− ∂
∂z
φˆ
(
pσ nσ
τσ
+ Sextσ
)
+
pσ nσ
τσ
+ Sextσ ,
(1)
where nσ = nσ(z, t, ǫ) is the particle density in spin-
channel σ, Sextσ = S
ext
σ (z, t, ǫ) is the external source of
particles for channel σ, pσ = pσ(z, ǫ) is the probability
that particle with spin σ is not stopped after scatter-
ing. For the sake of clarity, in the equations below, we
shall omit the energy-dependence of the physical quanti-
ties, unless it is necessary for the explanation. Moreover,
the spin-dependent operator φˆσ acting on a general spin-
dependent source term Sσ(z, t) is defined as
φˆσ Sσ(z, t) =∫ +∞
−∞
dz0
∫ t
−∞
dt0 Sσ(z0, t0)φσ(z, t|z0, t0) ,
(2)
where the spin-dependent flux kernel reads
φσ(z, t|z0, t0) =[˜
∆t
]
σ
2(t− t0)2 exp
{
−(t− t0)
[˜
∆t
τ
]
σ
/ [˜
∆t
]
σ
}
×
Θ
[
t− t0 −
∣∣∣∣[˜∆t]σ
∣∣∣∣
]
.
(3)
In Eq. (3) Θ is the Heaviside step function and the spin-
dependent ∆-functions are defined as
[˜
∆t
]
σ
(z|z0) =
∫ z
z0
dz′
vσ(z′)
, (4a)
[˜
∆t
τ
]
σ
(z|z0) =
∫ z
z0
dz′
τσ(z′) vσ(z′)
. (4b)
Assuming a δ-like source Sextσ = Sδσ δ(z − zs)δ(t − ts)
and pσ(z) = 0 we obtain
∂
∂t
nσ(z, t) =− nσ(z, t)
τσ(z)
− Sδσ ∂φσ(z, t|zs, ts)
∂z
+ Sδσ δ(z − zs)δ(t− ts) .
(5)
After time discretization we can write the solution at
time t+ δt as
nσ(z, t+ δt) = e
−δt/τσ(z) nσ(z, t)
−
∫ t+δt
t
dt′ Sδσ exp
(
− t
′ − t− δt
τσ(z)
)
∂φσ(z, t
′|zs, ts)
∂z
+ Sδσδ(z − zs)δt+δt,ts .
(6)
Defining the average particle density over spatial step
as
n¯σ(z, t) =
1
δz
∫ z+δz/2
z−δz/2
nσ(ξ, t)dξ, (7)
we can rewrite Eq. (6) as
n¯σ(z, t+ δt) = exp (−δt/τσ(z)) n¯σ(z, t)
+ Sδσ
[
δz,z0δt+δt,t0 + ψ
−
σ (z, t|z0, t0)− ψ+σ (z, t|z0, t0)
]
,
(8)
5where
ψ±σ (z, t|z0, t0) =
∫ t+δt
t
dη exp
(
−η − t− δt
τσ(z)
)
φσ
(
z ± δz
2
, η
∣∣∣∣ z0, t0
) (9)
are the spin-dependent integrated fluxes.
1. General solution
The general solution for the spin-dependent particle
density in a layer at a given energy level ǫ reads
nσ(z, t+ δt) = e
−δt/τσ(z) nσ(z, t) + S
e
σ(z, t+ δt) + Φσ ,
(10)
where the spin-dependent total effective source is
Seσ(z, t+ δt) = Sσ(z, t+ δt) + S
p
σ(z, t+ δt) , (11)
where Sσ(z, t+δt) is an external contribution to the total
source, and Spσ(z, t+δt) is a contribution due to electrons
coming from other energy levels ǫ′ with spin σ′. The
latter term can be calculated as
Spσ(ǫ, z, t+ δt) =
∑
σ′
∫ ǫmax
0
dǫ′ nσ′(ǫ
′, z, t) pσ′,σ(ǫ
′, ǫ, z, t)×
(
1− e−δt/τσ′(ǫ′,z,t)
)
,
(12)
where σ′ ∈ {↑, ↓←,→}, and pσ′,σ(ǫ′, ǫ, z, t) is the prob-
ability that an electron at energy level ǫ′ and spin σ′
will move to energy level ǫ with spin σ in the next time
step, t + δt. Moreover ǫmax is the maximum energy of
the hot electrons above the Fermi level that is taken into
account. Finally, the total flux in the spin-channel σ, Φσ
comprises of right and left-flowing fluxes marked as Φ<σ
and Φ>σ , respectively. They are defined as
Φ<σ (z, t) =
t∑
t0=0
∑
z0<z
Seσ(z0, t0)×
[
ψ−σ (z, t|z0, t0)− ψ+σ (z, t|z0, t0)
]
, (13a)
Φ>σ (z, t) =
t∑
t0=0
∑
z0≥z
Seσ(z0, t0)×
[
ψ−σ (z, t|z0, t0)− ψ+σ (z, t|z0, t0)
]
, (13b)
where, as already mentioned above, the energy-
dependence of the quantities is omitted. The Equations
(10) – (13) form the basis for our calculations of the spin-
dependent transport through the perpendicular magnetic
spin valve and allow us to calculate the spin current
transverse to FM2 magnetization flowing to FM1 as
js(z, t) =
~
2
∫ ǫmax
0
dǫ
[
Φ<←(z, t, ǫ)− Φ<→(z, t, ǫ)
]
. (14)
Similarly, replacing < by >, one can define current flow-
ing in the opposite direction, js
′.
This spin current vanishes in the vicinity of the
NM/FM2 interface and the absorbed momentum mostly
generates an antidamping spin-transfer torque.31 The
field-like torque due to the STT has been shown to be
rather small in transition metals and it is further reduced
by any disorder,50 hence it will not be considered here.
The average magnetizations in the first and second layer
are labeled as M1 and M2. To study the magnetiza-
tion dynamics we define the current-induced spin torque
acting on M2 as
τ2(t) = − js(zIII, t)
Ms2 V2
M2 × (M2 ×M1) , (15)
where js(zIII) is the spin current at the interface number
III, and V2 is the volume of the FM2 layer.
The internal interfaces between the layers (II and III)
are treated here as reflectionless. On the other hand, the
outermost interfaces (I and IV) completely reflect the
electrons which hit these interfaces.
C. Magnetization dynamics
To model the magnetization dynamics in the FM2
layer induced by the spin-transfer torque we make use
of the Landau-Lifshitz-Gilbert equation with the spin-
torque term, which reads
dM2
dt
= −γgµ0M2 ×Heff,2 + α
Ms2
M2 × dM2
dt
+
γg
Ms2
τ2 ,
(16)
where γg = |e|g/(2me) is the gyromagnetic ratio with g =
2 being the Lande´ factor, and e and me are the electron
charge and mass, respectively. The gyromagnetic ratio is
as large as γg = 1.7587 × 1011T−1s−1. Moreover, µ0 =
4π × 10−7NA−2 is the vacuum permeability, α is the
Gilbert damping, Heff,2 is the effective magnetic field,
and τ is the spin torque created by the spin current.
The effective magnetic field is defined as
Heff,2 = − 1
µ0VFM2
δE2[M2]
δM2
, (17)
where E2 is total energy functional related to the mag-
netic state of FM2 and VFM2 is volume of the ferromag-
netic layer FM2.
The effective magnetic field used in the simulations of
the magnetization dynamics is
Heff,2 = Happ eˆx +
2Ku
µ0M2s,2VFM2
(M2 · eˆx) eˆx
− 2K⊥
µ0M2s,2VFM2
(M2 · eˆz) eˆz ,
(18)
6where the first term stands for the applied in-plane mag-
netic field with magnitude Happ, while the second one
expresses the magnetic field due to the uniaxial easy-
axis noncrystalline anisotropy given by the anisotropy
constant Ku. The third term introduces the easy-plane
anisotropy with constant K⊥. Vectors eˆx and eˆz are the
unit vectors in the direction of the x and z-axes, respec-
tively (see Fig. 1).
III. RESULTS AND DISCUSSION
A. Simulation methodology
We study the spin-current flow through the spin valve
structure shown in Fig. 1, when the laser pulse is ap-
plied from the left-hand side to the interface I. When
the laser pulse is applied, the electrons from the d-band
are uniformly populated in the sp-band levels. In our
calculations we assumed 12 energy levels in the sp-band
above the Fermi level. The difference between the en-
ergy levels was ∆E = 0.125 eV. The number of excited
electrons on the energy level ǫ with spin σ at position z,
Nσ(t, z, ǫ), follows the laser pulse shape. We assumed a
Gaussian-shaped pulse which leads to
Nσ(t, z, ǫ) = N¯σ(z, ǫ)
1
∆
√
2π
exp
{
(t− t0)2
2∆2
}
, (19)
where N¯σ(z, ǫ) is the average number of excited elec-
trons at energy level ǫ with spin σ at position z. The
position of the pulse peak is given by the time param-
eter t0 and the width of the pulse is set by parame-
ter ∆. To make a realistic estimation we assumed a
finite penetration depth of the laser pulse. In prac-
tice it means that the average number of excited elec-
trons due to the laser pulse decreases exponentially as a
function of the distance from the interface I with the
characteristic length scale given by the laser penetra-
tion depth, λ, N¯σ(z, ǫ) = N¯σ(0, ǫ) exp(−z/λ). Setting
N¯σ(0, ǫ) = 0.1 ≡ N0 for σ = {←,→} defines our basic
density of excitations. The corresponding laser fluence
can be estimated as 27.5 mJ cm−2 for Fe. In addition,
the excitation profile might be modified by multiple re-
flexions of the laser light from the FM/NM interfaces.
Such an effect might influence the magnitude of the spin
currents in the metallic multilayers. In our calculations,
however, we shall focus on understanding of the basic
features of the spin torque generation. Thus, we shall
disregard the effects of multiple light reflections.
For the sake of simplicity, we assume both magnetic
layers to be of the same material (Fe) while the cen-
tral nonmagnetic layer has transport properties typical
of Cu. A perpendicular spin valve composed of two thin
Fe films has been demonstrated recently.54 Moreover, we
assume the same laser penetration depth for all studied
materials of λ = 15 nm, which is in good agreement with
experimental findings.55,56 In the magnetic layers, elec-
trons are excited just into the spin channels with spin
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FIG. 2. (Color online) Calculated ultrafast demagnetization
of the FM1 layer in a spin valve FM1(6)/NM(2)/FM2(6)
after applying a laser pulse with fluence corresponding to
N¯σ(0, ǫ) = 2N0 at interface I. The position of the peak is
shown by the blue dashed line. The pulse length was as large
as ∆ = 40 fs. Ms1 is the magnetization saturation value of
FM1 in equilibrium. In the calculations FM1 and FM2 was
assumed to be Fe, while NM corresponds to Cu.
aligned to the magnetization axis. Thus in FM1, with
perpendicular magnetization, spin are excited in the spin
channels← and→ while for FM2 the laser pulse induced
electrons appear in the channels ↑ and ↓. On the other
hand, in the nonmagnetic layer, spins are homogeneously
populated into all four spin channels. The average num-
ber of excited electrons at position z is initially assumed
to be uniform in the energies, N¯σ(z, ǫi) = N¯σ(z, ǫj) for
all i, j = 1, 2, . . . , 12. Moreover, the average number
of excited electrons are spin symmetric, which leads to
N¯←(z, ǫ) = N¯→(z, ǫ) with N¯↑(z, ǫ) = N¯↓(z, ǫ) = 0 in
FM1, N¯↑(z, ǫ) = N¯↓(z, ǫ) with N¯←(z, ǫ) = N¯→(z, ǫ) = 0
in FM2, and N¯←(z, ǫ) = N¯→(z, ǫ) = N¯↑(z, ǫ) = N¯↓(z, ǫ)
in NM. Consequently, the excited electrons move accord-
ing to the transport equations introduced in Sec. II. Al-
though the number of excited electrons in the magnetic
layers is equal in both spin channels, the spin current
builds up due to different electron velocities and relax-
ation times in the two longitudinal spin channels of a
ferromagnetic layer.
If we replace the energy dependence of electrons, cru-
cial for the ultrafast aspects of the problem, by the Fermi-
Dirac distribution, our model would become equivalent to
a composition of nonmagnetic part containing majority
and minority electrons with spin polarization axis either
along the magnetization of the FM1 or FM2 layer, and
a magnetic part where only spins aligned with the lo-
cal magnetization effectively contribute to transport, as
already presented by Slonczewski32.
7B. Ultrafast demagnetization
After applying the laser pulse with ∆ = 40 fs to the
interface I, one observes an ultrafast demagnetization in
FM1 layer. For a spin valve FM1(6)/NM(2)/FM2(6),
where the numbers in the brackets are the layer’s thick-
nesses in nanometers, we assume the number of excited
electrons at interface I to beN0. The computed reduction
of the magnetization in FM1 is shown in Fig. 2. We ob-
serve an average demagnetization of FM1 as large as 10%.
As a result of FM1s demagnetization, electrons in chan-
nels featuring spins aligned with the FM1 magnetization
(← and →) start to move through the heterostructure.
During the transport electrons scatter and thereby relax
towards lower energy levels, which causes a continuous
decay of the spin current (js = j← − j→). In the rest of
this section we shall focus on this spin current calculated
at the NM/FM2 interface since this is the direct measure
of the spin torque acting on the FM2 magnetization.
C. Superdiffusive spin-transfer torque
First, we study the temporal dependence of the trans-
verse spin current at the NM/FM2 interface. Figure 3(a)
depicts the time evolution of the superdiffusive transverse
spin current flowing from left to right at the interface III
calculated for the FM1(6)/NM(d)/FM2(6) structure for
various thicknesses of the NM layer. As a consequence of
the Gaussian-shaped laser pulse, the typical time evolu-
tion of the spin current has a peak, which decreases with
the thickness of the NM layer. In addition, the peak po-
sition also shifts in time, the peak width increases, and
the tails become longer. These features are a result of the
longer distance which electrons have to pass through until
they meet the NM/FM2 interface. On the other hand, a
nonzero transverse spin current at the NM/FM2 interface
can be also observed in the direction from right to left.
This spin flow is caused by the avalanches of electrons
which are triggered by collisions of hot electrons with
electrons in localized atomic orbitals. Fig. 3(b) shows the
time dependence of the opposite current at the NM/FM2
interface. The time-dependence of the opposite current
has a similar shape as the direct one. Importantly, the
magnitude of the opposite spin flow is about two orders
smaller than the one moving towards the interface III.
In order to compare the spin torque acting on FM2s
magnetization in different multilayers, we calculate the
total transverse spin momentum transferred across the
NM/FM2 interface, given as
∆S =
∫ tmax
0
js(zIII, t) dt , (20)
where tmax was taken as large as 2 ps. Analogously, one
can define the total spin current, ∆S′, flowing in the
opposite direction.
Fig. 4 shows the total transverse spin momentum at the
NM/FM2 interface in the direction from left to right (a),
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FIG. 3. (Color online) Calculated superdiffusive spin currents
transverse to the FM2 magnetization at the NM/FM2 inter-
face (III) in FM1(6)/NM(d)/FM2(6) spin valves (a) flowing
from left to right, (b) flowing from right to left. A laser fluence
corresponding to N¯σ(0, ǫ) = 2N0 is assumed.
and from right to left (b), calculated for various thick-
nesses of the NM layer. For smaller NM thicknesses,
the transverse total spin current flowing from the left
is almost constant. However, a slightly nonmonotonous
thickness dependence can be observed. Namely, there
is a maximum total transverse spin current which ap-
pears at d ∼ 10 nm. For larger NM thickness the inte-
grated spin current decreases. The reason of this non-
monotonous thickness dependence is both the relatively
long laser penetration depth as well as electron reflex-
ions from the outermost interfaces (marked as I and IV
in Fig. 1). In more detail, electrons excited by the laser
move in both directions. Thus, even a part of the charge
current excited in the nonmagnetic layer can polarize in
the FM1 layer and after reflexion from the left interface
(I), it can contribute to the spin torque acting on FM2s
magnetization.
D. Generation of the spin current
The most important aspect for laser-operated spin de-
vices is the generation of the SC. In the here-studied ge-
ometry the main source of the nonthermal spin current is
the laser-excited FM1 layer. Some experiments suggest
different ways as to how the superdiffusive spin current
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FIG. 4. (Color online) Total transverse spin momentum trans-
ferred across the NM/FM2 interface (III) transverse to the
FM2 magnetization as a function of the NM thickness (a)
flowing from left to right, (b) flowing from right to left. The
thickness dependence is calculated for three different laser flu-
ences corresponding to N¯σ(0, ǫ) = N0, 2N0, and 3N0.
generation is distributed along the multilayer, especial
along FM1. Alekhin et al.57 deduce that in a layer con-
sisting of Fe/Au films just a very thin interfacial region
(around 1 nm) contributes to the spin current genera-
tion. On the other hand, Lalieu et al.35 show that, at
least in a small range of thicknesses, almost the whole
out-of-plane magnetized layer, consisting of Co/Ni thin
films, is used for SC generation. In this limit, one should
expect a different behavior of the spin current acting on
FM2 when the thickness of FM1 is increasing. These two
cases establish the boundaries of the dynamics presented
here, where the density of excited hot electrons decays
exponentially from the laser spot as given by Eq. (19).
One of the possible expectations for the superdiffusive
model is that when the thickness of FM1 is increasing, the
current traveling through the FM1 layer will encounter
stronger spin filtering, which would result in a higher
spin current leaving the polarizer. However, there are a
few factors working against this assumption. If the prob-
ability of the spin-flip processes is small, the spin cur-
rent in FM1 appears due to different electron velocities
and lifetimes in the two spin channels. Moreover, during
the transport the laser-excited electrons encounter relax-
ation processes (i.e., scattering) that lower their energies,
which are stronger in the magnetic layers than in the NM.
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FIG. 5. (Color online) Total transverse spin momentum trans-
ferred across the NM/FM2 interface (III) transverse to the
FM2 magnetization as a function of FM1 thickness (a) flowing
from left to right, (b) flowing from right to left. The thick-
ness dependence is calculated for three different laser fluences
corresponding to N¯σ(0, ǫ) = N0, 2N0, and 3N0.
As a result, the particle and the spin currents approach-
ing the NM/FM2 interface will decrease with FM1 thick-
ness. This would limit the effective thickness of FM1 to
the electron relaxation lengthscale. A second factor is
the finite laser penetration depth, which also limits the
efficiency of the spin-current source. Our results calcu-
lated for a spin valve FM1(d)/NM(6)/FM2(6) are shown
in Fig. 5. The plotted results suggest that the thick-
ness of FM1 layer for an optimal spin-torque efficiency is
about ∼ 10 nm. When the FM1 thickness goes beyond
this value, the transverse spin current at the NM/FM2
decreases. A similar behavior is obtained for the current
in opposite direction, which, however, is about two orders
of magnitude smaller than the direct one. This optimum
thickness of the FM1 layer depends on the laser pene-
tration depth as well as the FM1 material parameters.
However, it is independent on the thickness of NM layer.
Overall, are findings are qualitatively in agreement with
the measurements of Lalieu et al.,35 who have observed
an increase of the canting angle in the FM2 layer with
FM1 thickness within the examined thickness range be-
low 5 nm (i.e., up to 4 Co/Ni repetitions).
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FIG. 6. (Color online) Laser-induced magnetization dy-
namics in the FM2 layer calculated for the spin valve
FM1(16)/NM(4)/FM2(6). The solid (red) and dashed (blue)
lines are the two transverse components of the magnetization.
A laser fluence corresponding to N¯σ(0, ǫ) = N0 is assumed.
E. Magnetization dynamics
Having calculated the magnitudes of the superdiffu-
sive spin torque, we can examine its effect on the mag-
netization dynamics in the studied spin valve. Since we
calculated the electron transport for the static magnetic
configuration, we expect just minor spin dynamics in the
FM2 layer. In the above calculations we have shown
that the transverse spin current at the FM1/NM interface
flowing from right to left is much smaller than the one at
the NM/FM2 layer flowing from left to right. Therefore,
we assume that the dynamics of the FM1 magnetization
is negligible in comparison to the FM2 one.
To study the magnetization dynamics we assume a ho-
mogeneous magnetization in the FM2 layer, which can
be described by a macrospin model. We note that this
assumption does not provide access to all the experimen-
tally observed details like e.g. THz spin waves observed
close to the NM/FM2 interface,35,54 whose simulation
would go beyond the scope of this article. For small
FM2 thicknesses spin waves are not observed35 and the
error made by averaging over the FM2 layer becomes
negligible. The dynamics of the macrospin is described
by the LLG equation with in-plane (Slonczewski) term29
with a time-dependent current density. In the effective
magnetic field we assume an in-plane uniaxial magnetic
anisotropy with equilibrium energy Ku = 0.05mRy per
atom, K⊥ ≃ 0.04Ku and a static external magnetic field
applied in the layer’s plane along the equilibrium posi-
tion of the magnetization as large as µ0Happ = 100mT
(see Eq. (18)). Moreover, we have assumed a Gilbert
damping parameter as large as α = 0.1.
To validate the feasibility of the theoretical framework
presented here, we computationally reproduce the ex-
perimental heterostructure studied by Razdolski et al.54
There, a noncollinear Fe/Au/Fe spin valve with a FM1
thickness of 16 nm is pumped by a laser with fluence
10 mJ cm−2, producing an initial change of the FM2
magnetization due to the superdiffusive STT equal to
∆M2 = 0.02Ms2. The results of our simulations, per-
formed adjusting the excitation density to the experimen-
tal fluence, provide ∆M2 = 0.034Ms2, in good agreement
with the experimental result. It is worth noticing that
this value depends also on the thickness of the FM2 layer
where the magnetization change is assumed to distribute.
The results of our LLG simulations of the FM2
magnetization dynamics for a sample spin valve
FM1(16)/NM(4)/FM2(6) are plotted in Fig. 6. The laser
pulse is calculated to excite a homogeneous magnetiza-
tion dynamics in FM2 with frequency ≈ 10GHz. These
precessions are exponentially damped and vanish after
≈ 600 ps, similarly to what has been observed in the re-
cent experiments.35
IV. CONCLUSIONS
We have presented a theoretical study of the laser-
induced spin-transfer torque and concomitant magnetiza-
tion dynamics in a spin valve composed of two magnetic
layers with noncollinear magnetizations separated by a
normal metal. To this end we have extended the model
of superdiffusive transport9 to account for noncollinear
magnetic configurations. In the bulk of the magnetic lay-
ers we separate the nonthermal spin current with respect
to the local magnetization direction into a longitudinal
and a transverse part. While the longitudinal spin cur-
rent pulse is generated and continues into the second fer-
romagnet, the transverse component is rapidly absorbed
in FM2 giving rise to the spin-transfer torque. The pro-
posed simplified model is restricted to homogeneous mag-
netizations inside the magnetic layers and relatively slow
magnetization dynamics limited to small angle preces-
sions around the equilibrium. Moreover, in our study we
have assumed only fully transparent interfaces between
the layers without any reflections. We note, however,
that specific reflection and transmission coefficients could
be incorporated in the superdiffusive transport model.
We have applied the model to study computationally
the spin-dependent transport in the FM1/NM/FM2 spin-
valve structure. Particularly, we have focused on the
spin-transfer torque (spin current) acting on the FM2
magnetization as a function of the spin-valve geometry.
An exponential decrease of laser-generated electrons with
the depth has been included in our calculations. Impor-
tantly, we have shown that it leads to the existence of an
optimal thickness of the FM1 for which the total (time-
integrated) spin torque acting on the FM2 magnetization
is maximal. For a combination of Fe and Cu layers we
identify this thickness to be 10 nm. When the thickness
of the FM1 layer exceeds the optimum, the spin current
at the NM/FM2 interface decreases.
Finally, we have used the calculated laser-induced spin-
transfer torque to simulate the magnetization dynamics
10
in the second magnetic layer employing the macrospin
approximation. Using the Landau-Lifshitz-Gilbert equa-
tion we have shown that the spin-torque action occurring
on a sub-ps timescale is sufficient to trigger small angle
magnetization precessions, which can persist for few hun-
dred picoseconds. This result is consistent with recent
experimental observations.35,40,42
The here-developed noncollinear superdiffusive trans-
port theory forms a basis for future numerical investiga-
tions of ultrafast spin-transfer torques and spin torque
induced magnetization dynamics in metallic heterostruc-
tures.
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